Introduction
A required benchmark of egg activation -the coordinated collection of events that mediate the egg to embryo transition -is an internal rise in free Ca 2+ (reviewed in Stricker, 1999; Runft et al., 2002; Whitaker, 2006) . While multiple Ca 2+ release pathways are present in deuterostome eggs, the initial rise occurs at the site of sperm-egg interaction, where Ca 2+ is released from the egg's endoplasmic reticulum (ER) via the production of IP 3 through the action of a phospholipase C (PLC) and subsequent activation of the inositol 1,4,5-trisphosphate receptor (IP 3 R). In ascidians and echinoderms, it is the PLCγ form that is responsible for producing the IP 3 (Carroll et al., 1997 (Carroll et al., , 1999 Rongish et al., 1999; Runft et al., 2004; Shearer et al., 1999; Runft and Jaffe, 2000) . In the eggs of these invertebrate deuterostomes, as well as those of zebrafish and possibly Xenopus, Src family kinase (SFK) activity is required for activation (Giusti et al., 1999b (Giusti et al., , 2003 Kinsey, 1997; Kinsey et al., 2003; Kinsey and Shen, 2000; Shen et al., 1999; O'Neill et al., 2004; Runft and Jaffe, 2000; Sato et al., 1999; Wu and Kinsey, 2000) . A SFK is thought to directly phosphorylate the regulatory (activating) tyrosines in the SH2C domain of the egg PLCγ Runft et al., 2004) , similar to the mechanism of PLCγ activation in immune cells Braiman et al., 2006; DeBell et al., 2007; Qi and August, 2007) . Src family kinases (SFKs) are modular non-receptor proteintyrosine kinases that mediate a variety of cellular responses and events including cell growth, differentiation, cell shape, migration and survival (Thomas and Brugge, 1997; Parsons and Parsons, 2004) . The SFKs have a conserved domain structure (Supplemental Fig. 1A ): a unique region at the N-terminus, a src homology domain 1 (SH1), a src homology domain 3 (SH3), a src homology domain 2 (SH2) and finally the tyrosine kinase domain (TyK) at the C-terminus (Roskoski, 2004 (Roskoski, , 2005 . Most SFKs also have conserved myristylation residues at the Nterminus (M-G-x-x-x-S/R), which target them to the membrane (Resh, 1994) . In the "off" state, SFKs are phosphorylated on a Cterminal tyrosine (by a related, C-terminal Src kinase, CSK). An intramolecular interaction between the SFK C-terminal phosphotyrosine and the SH2 domain clamps the activation (A) loop in the kinase domain. In the presence of an activator, the SH2 domain releases the C-terminal tyrosine, binding instead to the activator. This releases the clamp on the kinase domain A-loop and phosphorylation on an activating tyrosine pushes the enzyme into full activation (Boggon and Eck, 2004) . Overexpression of the SH2 domain serves as a competitor for the upstream activator(s) and acts to inhibit the activation of the endogenous SFK in a dominant-interfering way. This is consistent with how SH2 domains work in general -as specific mediators of proteinprotein interactions via recognition of context-specific phosphorylated tyrosines (Koch et al., 1989; Moran et al. 1990; Parsons and Parsons, 2004; Roskoski, 2005) .
A sea urchin (Strongylocentrotus purpuratus) SFK, designated SpSFK1, was shown to be necessary for Ca 2+ release at fertilization using the dominant-interfering strategy and further, the SpSFK1 kinase activity profile was rapidly and transiently fertilizationdependent, consistent with a role in triggering initial release of Ca 2+ (Giusti et al., 2003) . There were hints that additional SFKs were represented in the genome and perhaps expressed in sea urchin eggs (Kamel et al., 1986; Sakuma et al., 1997; Onodera et al., 1999) , which was not surprising given that the SFKs are a large superfamily, but these cDNAs were refractory to cloning. Subsequently, an arrayed sea star oocyte/egg cDNA library screen yielded three distinct SFKs and two of these, AmSFK1 (the SpSFK1 ortholog) and AmSFK3, were both shown to be necessary for Ca 2+ release at fertilization . Kinase activity assays revealed that AmSFK3 activates rapidly and prior to AmSFK1 and dosage experiments have led to a model whereby AmSFK3 activates AmSFK1, which then goes on to activate PLCγ. Annotation of the S. purpuratus genome sequence led to the identification of additional, predicted SFKs Roux et al., 2006) . Here, we describe the cDNA cloning and characterization of these 4 additional SFKs and test their function during the initial Ca 2+ release at fertilization using the dominantinterfering microinjection method coupled with Ca 2+ recording. While microinjection of the SH2 domains of two of the new SFKs (SpFrk and SpSFK3) inhibit Ca 2+ release, SpSFK5 SH2 had no obvious effect on any aspect of early egg to embryo transition events. Interestingly, SpSFK7 may be involved in preventing precocious release of Ca
2+
. SpSFK1 can interact directly with PLCγ and initial localization studies suggest that both proteins are present at the site of sperm-egg interaction.
Materials and methods

Animals and gametes
Sea urchins (Strongylocentrotus purpuratus) were collected from the Santa Barbara Channel, maintained in 10°C natural seawater open system tanks and fed a diet of Macrocystis. Gametes were collected by injection of 0.5 M KCL as described .
Cloning and expression of the SpSFK SH2 domains
Cloning of the full length SpSFK cDNAs is described in the Supplemental materials. The full length cDNA sequences of the SpSFKs have been deposited in the database under the following accession numbers: SpFrk, FJ161081; SpSFK3, FJ161082; SpSFK5, FJ161083; SpSFK7, FJ161084.
SpSFK SH2 domains were assigned using the program ClustalW (http://www.ebi.ac.uk/Tools/clustalw/) to make the initial multiple alignment using HumanSrc (GenBank accession number P12931), AmSFK1 (GenBank accession number AAS01047), AmFrk (GenBank accession number AAS01046), AmSFK3 (GenBank accession number AAS01045) and SpSFK1 (GenBank accession number NP_999783) aligned to SpFrk, SpSFK3, SpSFK5 and SpSFK7. The cloning and expression of the AmSFK SH2 domains is described in O'Neill et al. (2004) and the SpSFK1 SH2 domain is described in Giusti et al. (2003) .
Primers were designed to flank the SH2 domains from each full length SpSFK clone using AnnHyb v4.934 (http://bioinformatics.org/annhyb). An EcoRI restriction site was built into the 5′ end and a Sal1 restriction site was built into the 3′ end to facilitate in-frame directional cloning. The primers used to amplify the SH2 domains were: SpFrkSH2 (fwd 5′GAATTCAATCTTTAGAATCAGAACCGTGGT3′/rev 5′ GTCGACGGCTTTTCAATCAACACACACGG3′); SpSFK3SH2 (fwd 5′GAATTCTATTGCAATCGGAAGGTTGGT3′/rev5′ GTCGACTTCTGTCTCGGGCAGGC3′); SpSFK5SH2 (fwd 5GAATTCCtTTAGAGGTAGAAGAATGG3′/rev 5′ GTCGACTGTTTGGGGCAGGG3′); SpSFK7SH2 (fwd 5′GAATTcACGCAGAAGACTGGTACT3′/rev 5′ GTCGACGGGTTCTCCTTGGGACA3′).
Amplified products were cloned initially into the TOPO vector (Invitrogen, Inc.). Inserts were then directionally cloned into the GST expression vector pGEX6P-2 (Invitrogen, Inc.), with the GST located on the N-terminus of each SH2 domain. The constructs were sequenced (Iowa State Sequencing Facility) to confirm correct orientation, maintenance of open reading frame, and proper amino acid sequence.
For expression, the GST fusion constructs were transformed into E. coli BL21star (DE) cells (Invitrogen, Inc.) . Cultures (1 L total in 3 × ∼330 mL flask) were grown in selective media until they reached (OD 600 0.6-0.9) then were induced by adding IPTG (0.5 mM final concentration) at 25°C for 1 h. Cells were harvested and resuspended in 1× PBS, pH 7.4, 1% TX-100, protease inhibitor cocktail I (CalBiochem, Inc., San Diego, CA) and PEFA bloc (Fluka-Sigma-Aldrich, Inc., Buchs, Switzerland). Cells were lysed using a French pressure cell and the clarified supernatant was incubated for 1 h with 6 mL of a 50% slurry of glutathione agarose beads (Amersham, Inc., Piscataway, NJ). GST fusion proteins were eluted with 50 mM reduced glutathione in 100 mM Tris, pH 8.0, then extensively spin-dialyzed against 1× PBS, pH 7.4 and concentrated for injections using 30 K size exclusion microconcentrators (Millipore, Inc., Billerica, MA). Determination of protein concentration was via the BCA method (Pierce Thermo-Fisher Scientific, Inc., Rockford, IL) and purity was assessed by SDS-PAGE. Aliquots were frozen in liquid N 2 and stored at −80°C until use.
Microinjection of recombinant GST fusion proteins
Quantitative microinjections were made using mercury-filled micropipettes (Jaffe and Terasaki, 2004) . S. purpuratus eggs (dejellied) were attached to a poly-L-lysine-coated coverslip, inverted over an injection slide (Kiehart, 1982) and observed with an upright microscope. All injections were made in filtered sea water. Injection volumes were 3% of the egg volume (8 pL for a 270-pL S. purpuratus egg).
Calcium measurements
The desired concentration of each SFKSH2 GST fusion protein was mixed with 333 μM calcium green 10 kDa dextran (CG-dex; Molecular Probes, Eugene, OR). The final concentration in the cytoplasm of the egg for each SH2 domain was either 25 μM or 2.5 μm and was 10 μM for the CG-dex. Experiments were performed at 15°C and injected eggs were fertilized, after resting for at least 10 min, by pipetting 1 μl of a 1:1000 dilution of acrosome-reacted sperm into the injection chamber. This differs from the method used by Giusti et al. (2003) in which eggs retained their jelly coats and the seawater in the chamber was exchanged with a suspension of dilute sperm. CG-dex fluorescence was measured using a 40× objective on an upright microscope (Olympus Bx60; Olympus; Center Valley, PA) connected to a photodiode and recorded using Scope software (AD Instruments, Grand Junction, CO) as previously described (Giusti et al., 2003; Runft et al., 2004; O'Neill et al., 2004) . Means, standard deviations and statistical significance were calculated using Instat (GraphPad Software, San Diego, CA).
In vitro transcription and translation
Recombinant protein was expressed using the TNT T7/SP6 Coupled Reticulocyte Lysate System (Promega, Inc., Madison, WI) and the SpSFK full length cDNAs in the pBKS plasmid as templates. The control was luciferase (at 65 kDa). [ 35 S]-methionine (Perkin Elmer, Inc., Waltham, MA) was added to the system for labeling newly synthesized proteins and transcription/translation was performed for 90 min at 30°C. Samples of the in vitro synthesis reaction were prepared for gel electrophoresis by suspension in Laemmli sample buffer or were diluted in HNET buffer (15 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM EGTA, 1 mM EDTA, 2% Triton X-100, 1 mM Na vanadate, 1 μM PEFABLOC, 10 μM PIC) and immunoprecipitated (IP) with antiSpSFK1 affinity purified IgY (Giusti et al., 2003) or polyclonal panSrcA IgG (#SC-18; Santa Cruz Biotech, Inc., Santa Cruz, CA) followed by antichicken IgY-agarose (for SpSFK1 IPs; AVES Labs, Inc., Tigard, OR) or Protein G-agarose (for panSrcA IPs; Sigma Aldrich, Inc.). After extensive washing, the samples were eluted off the beads in sample buffer. All samples were electrophoresed on 10% polyacrylamide SDS gels. Dried gels were placed on a phospho imager screen for 5 days. Images were captured using QuantityOne software (BioRad, Inc., Hercules, CA) and the figure was prepared in Adobe Photoshop using auto contrast.
To determine interaction with PLCγSH2SH2 domain protein, each in vitro transcribed and translated SpSFK protein was incubated with recombinant GST-PLCγSH2SH2 (described in Runft et al., 2004) attached to GT-agarose beads. After extensive washing, bound proteins were eluted and separated on 10% polyacrylamide gels that were then dried, processed and analyzed as above.
Immunolocalization
The primary antibodies used were: anti-SpSFK1 affinity purified antibody (0.05 μg/mL) (Giusti et al., 2003) ; anti-PLCγ pep affinity purified antibody (0.05 μg/mL) ; phalloidin conjugated to Alexa Fluor-488 (1:400) (Molecular Probes, Inc., Eugene, OR); and Hoechst stain 33258 (0.01 μg/mL) (Molecular Probes, Inc.). All secondary fluorescence antibodies (used at 1:200) were from Molecular Probes and conjugated to Alexa Fluor-488 or -555 as indicated in the figure legends. Negative controls included using depleted (using the peptide immunogen) affinity purified primary antibody followed by secondary or secondary antibody only. All of these gave minimal staining; examples are shown in the Supplementary material ( Figure S4 ).
Unfertilized and fertilized sea urchin eggs were fixed at various times post sperm addition (PSA). ATAZ (3-amino-1,2,4-triazole) was added to the FSW (2 mM final concentration) for the last egg wash and kept in solution through fertilization to prevent hardening of the fertilization envelope. Fertilization of sea urchin eggs was achieved by acrosome reacting the sperm in 50% egg jelly water and filtered sea water (FSW/ATAZ) for 30 s This solution was then added to a beaker of eggs making the final concentration of sperm 1:10,000 and the final concentration of eggs 10% vol-vol. Eggs were collected by tabletop centrifugation for 5 s in a 1.5 mL microfuge tube. Two drops of the pelleted eggs were added to 2 mL of 3.2% paraformaldehyde (Electron Microscopy Sciences, Inc., Hatfield, PA) and fixed for 30 min at room temperature. After 3 washes in 1× PBS, pH 8.0, containing 0.05% Triton X-100, eggs were washed 3 × 10 min in 1× PBS, pH 8.0 then blocked in PBS/1% BSA for 2 h at room temp or overnight at 4°C. All antibodies were diluted in PBS/1% BSA/1:60 donkey serum. Primary antibodies were incubated with eggs for 1.5 h, followed by 4 × 5 min washes in PBS and secondary antibody was added for 45 min. For double-labeled eggs, this process was repeated sequentially. Eggs were then washed in PBS and incubated in Hoechst stain for 10 min and washed again. If phalloidin stain was used it was added at the end after the Hoechst stain for 30 min. After the final wash, eggs were mounted on cover glass under cover slides (no. 1.5) in Prolong Gold Antifade reagent (Invitrogen, Inc.). Slides were imaged on an upright fluorescence microscope (Olympus Bx60; Olympus, Inc., Center Valley, PA) attached to a mercury arc lamp or on an Olympus inverted confocal laser scanning microscope (Flowview 500). All images and stacks were edited using ImageJ (Rasband, W.S., ImageJ. U. S. National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2008) and Adobe Photoshop. Images shown have been cropped and "brightness/contrast" used to reduce the background to black, if necessary.
Results
The S. purpuratus Src family kinases
In depth annotation and assessment of the current S. purpuratus genome sequence coupled with cDNA cloning revealed that, in addition to the already identified SpSFK1, there are four more canonical Src Family Kinase genes (SpFrk, SpSFK3, SpSFK5 and SpSFK7) . This is a revision of the initial assessment, which indicated the presence of six additional SFK genes . We found two of these (initially designated as SpSFK1b and SpSFK6) are likely to be alleles based on extensive cDNA sequence analyses and further genomic analyses. The five confirmed SFK members (Supplemental Fig. 1 ) all are represented as full length mRNAs in unfertilized eggs and hatched blastula stage embryos, and are expressed throughout early embryonic development based on expression database analyses (Wei et al., 2006; Samanta et al., 2006) . All of the SpSFKs exhibit the canonical U-SH3-SH2-kinase domain structure and the C-terminal regulatory tyrosine residue (Supplemental Figs. 1A and B) . A phylogenetic analysis (Supplemental Fig. 2 ) using the predicted full length amino acid sequences revealed the same relative relationship as that based on the genomic predictions and confirm that the echinoderm SFKs have a distinct elaboration when compared with the vertebrate SFKs. The urchin SFKs range between 45% and 67% identity when compared to each other and the human SFK members range in identity from 45% to 73%. The human and urchin SFKs compare in identity from 40% to 61% and there are no clear orthologs of the vertebrate SrcA and SrcB members in the sea urchin genome.
Ca
2+ release at fertilization is inhibited by injection of SH2 domains of SpSFK1, SpFrk, and SpSFK3, but not by SpSFK5
To determine if a given SpSFK was necessary for the initiation of Ca 2+ release at fertilization, the purified dominant-interfering GSTSpSFK SH2 domain proteins (Figs. 1, 2) were co-injected at varying concentrations along with Ca 2+ green dextran (CG-dex) into unfertilized S. purpuratus eggs. Injected SH2 domains that had an effect at a final cytoplasmic concentration (Fc) of 25 μM then were also tested at Fc 2.5 μM to see if there was a dose dependent response. Representative traces are shown in Fig. 3 and the complete data set is presented in Table 1 . The negative controls were injection of CG-dex alone (Fig. 3A) or the SH2 domain of SpAbl, a distantly related Src superfamily member (Fig. 3B ). The positive control was the injection of SpSFK1SH2 (Fig. 3C) , which previously was shown to inhibit Ca 2+ release at fertilization (Giusti et al., 2003) . As expected, of the ten eggs injected with SpSFK1SH2 (25 μM), eight had a delay in the time to Ca 2+ release and reduced peak amplitude and two had complete blocks of Ca 2+ release over the recorded time. The five eggs injected with a lower amount of SpSFK1SH2 (2.5 μM) also had a delay in the time to Ca 2+ release and reduced peak amplitude ( Fig. 3C ; release over the recorded time, while two had significantly reduced peak amplitudes and no observable action potential. Of the eleven eggs injected with SpSFK3SH2 at a Fc of 2.5 μM, eight had an increased time to Ca 2+ release and reduced peak amplitude, while three had no observable Ca 2+ release over the recorded time ( Fig. 3E ; Table 1 ).
Polyspermy was observed in eggs that had delayed or blocked Ca 2+ release, consistent with the delay in ability to elevate a fertilization envelope, the Ca 2+ dependent, slow block to polyspermy. In contrast, all eggs (n = 12) injected with SpSFK5SH2 (25 μM) elevated FEs when sperm were added and went on to develop normally through blastula stage. Five of the SpSFK5SH2 injected eggs were monitored for Ca 2+ release at fertilization, and all showed no difference in Ca 2+ release compared to the control SpAblSH2 (25 μM) injections ( Fig. 3F ; Table  1 ). All injections were done using at least two batches of recombinant protein to control for possible preparation-specific effects. Also, eggs from at least two urchins were used for all proteins to control for individual urchin effects. Microinjections of the same proteins were also performed in L. pictus eggs with the same results (data not shown). Finally, to confirm that interference of SFK activation and subsequent Ca 2+ release is through the PLCγ-IP 3 -ER pathway, double injection rescue experiments were performed using IP 3 (Clapper and Lee, 1985; Iwasaki et al., 2002; Lee and Shen, 1998; Whitaker and Irvine, 1984) . Eggs that were blocked by microinjection of either SpFrkSH2 or SpSFK3SH2 domains were injected with IP 3 (0.1 μm final) 20 min after addition of sperm. In all cases, the rise of the FE was observed, signifying the release of Ca 2+ (data not shown).
SpSFK7SH2 domains have a variable effect on Ca 2+ release
SpSFK7SH2 domain injections gave confounding, but intriguing, results. Injection of GST-SpSFK7SH2 (25 μm) caused an FE rise in 11 of 61 (18%) eggs within 10 min and before sperm was added. Because FE elevation is dependent on a rise in internal Ca 2+ , this indicates an activation or "loss of repression" effect on Ca 2+ release. This could be due to interaction with a phosphotyrosine target protein or some HumanSrc (GenBank accession number P12931), AmSFK1 (GenBank accession number AAS01047), AmFrk (GenBank accession number AAS01046), AmSFK3 (GenBank accession number AAS01045) and SpSFK1 (GenBank accession number NP_999783) sequences were aligned with those of SpFrk, SpSFK3, SpSFK5 and SpSFK7. Numbering is based on that for human Src. Key residues thought to be involved in binding specificity are indicated in bold font and predicted structural alignments (α helices and β strands) are indicated based on Kuriyan and Cowburn (1997) . The arginine (asterisk) located in the "FLVR" or βB sheet domain is thought to be the most crucial residue for phosphotyrosine binding. The shaded text indicates the GST tag on the N-terminus of each SH2 domain used for dominant-interfering experiments (Figs. 2, 3 and Table 1 ) and also to define the C-terminal residues that are present as part of the vector sequence prior to the stop codon. Fig. 2 . Purified GST-SH2 domain fusion proteins used for microinjections. Proteins (see Fig. 1 ) were purified from induced bacterial lysates, dialyzed and concentrated as described in Materials and methods. The proteins were loaded on a 10% polyacrylamide gel and stained with GelCode Blue. Molecular weight markers are indicated in kDa.
direct effect on SpSFK7 (see Discussion). None of these eggs went on to divide and instead, underwent apoptosis. Of the remaining 50 eggs that were injected, 15 were recorded for Ca 2+ release in response to sperm. Of these, 11 exhibited significantly delayed time to Ca 2+ release and slightly lower peak amplitude while four had a complete block of Ca 2+ release over the recorded time after sperm was added (Fig. 3G , Table 1 ). These eggs were polyspermic and underwent apoptosis while control injected eggs developed normally. Intriguingly, seven of the eleven SpSFK7SH2 (25 μM) eggs that had Ca 2+ release also showed multiple Ca 2+ waves or fluctuations (Fig. 3G , Table 1 ). Activation of the Fig. 3G ; Table 1 ). Injections were done using two batches of recombinant protein and multiple urchins to control for protein and animal variations. Injections were also done in the species L. pictus, and similar results were observed (data not shown).
Each SpSFK2 SH2 domain interacts with egg tyrosine phosphorylated proteins
In order to ensure that the recombinant SH2 domain proteins were folding properly and able to bind phosphotyrosine protein targets as predicted by the dominant-interference strategy model, the SpSFK SH2 domain proteins (Fig. 1) were expressed and purified as Nterminal GST fusion proteins (Fig. 2) and used as bait in affinity interaction experiments with soluble protein lysates from unfertilized and fertilized (30 s PSA) eggs. Bound proteins were assessed by immunoblot analysis (Supplemental Fig. 3 ) using an anti-phosphotyrosine monoclonal antibody. Each SpSFK SH2 domain protein interacted with tyrosine phosphorylated proteins, though the number and molecular weights varied and in some cases, showed differences between unfertilized and fertilized samples (Supplemental Fig. 3 , Table S1 ).
SpSFK1 is capable of interacting directly with PLCγ
As a first step in determining which, if any, of the SpSFK proteins can interact with PLCγ, full length SpSFK proteins were transcribed and translated in the presence of 35 S methionine in vitro then incubated with GST-AmPLCγ tandem SH2 domain protein bound to beads. Only SpSFK1 -and none of the other SpSFKs -was detected in the bound fraction (Fig. 4A) . While this in vitro experiment indicates only a capability for interaction, it is consistent with previous experiments that revealed that a 57 kDa sea star egg Src-type protein bound to PLCγ SH2 domains in a fertilization-dependent manner (Giusti et al., 1999a) . We repeated this in vivo affinity interaction experiment using sea urchin egg lysates and probed the bound proteins with an antibody raised against the C-terminus of SpSFK1 (Fig. 4B) . The antibody recognized a protein of ca. Mr 57 kD that bound specifically and in a fertilization-dependent manner to the PLCγ tandem SH2 domain protein.
Specificity of the anti-SpSFK1 antibody
The affinity purified SpSFK1 antibody was raised against a Cterminal peptide (Giusti et al., 2003) . The sequence is very similar to that of the other SpSFKs and especially SpSFK7 (Fig. 5A) ; thus, we sought to determine cross reactivity. The full length SpSFK cDNAs were transcribed and translated in the presence of 35 S-methionine and then subjected to immunoprecipitation with anti-SpSFK1 and a commercial panSrc antibody (Fig. 5) . The commercial antibody (SC-18) is directed against the C-terminus of vertebrate SrcA family members (Fig. 5A ) and was shown previously to recognize an apparent single band on immunoblots of sea urchin egg lysates (Giusti et al., 2003) . The anti-SpSFK1 affinity purified antibody recognizes both SpSFK1 and SpSFK7 while the panSrc commercial antibody recognized SpSFK1, SpSFK5 and SpSFK7 (Fig. 5B) . The implications of this cross reactivity are considered in the Discussion.
SFK(s) and PLCγ localize to the cortical region of eggs and to the site of sperm-egg interaction
In order to test models of how a SFK-PLCγ signaling complex forms and functions to modulate Ca 2+ release at fertilization, visualization of the signaling components is a necessary first step. The PLCγ peptide antibody used was described previously and is specific for the sea star and sea urchin PLCγ protein see Roux et al., 2006 for sea urchin PLCs). The affinity purified anti-SpSFK1 was also used with the caveat that the SpSFK1 labeling may also reflect that of SpSFK7 (Fig. 5B) .
Fluorescence microscopy was performed on S. purpuratus eggs fixed prior to fertilization and then at various times post sperm addition (PSA). DNA was detected with Hoescht stain and polymerized F-actin was detected using Alexa Fluor 488 conjugated phalloidin. Factin labeling has been well described (Hamaguchi and Mabuchi, 1988; Terasaki 1996 Terasaki , 1998 ; thus, we first evaluated the localization pattern of PLCγ and SpSFK1/7 along with this known marker. As expected, F-actin labeling was diffuse in unfertilized eggs. At 2 min PSA, actin labeling intensity increased dramatically at the cortex with significant localization around the point of sperm entry, called the fertilization cone (Figs. 6, 7) . Anti-SpSFK1/7 staining of eggs showed modest localization to the cortex in the unfertilized eggs ( Figure S4 ) and increased cortical localization and intensity in the fertilized eggs ( Fig. 6 ) and appeared to intensely label the site of gamete interaction (Figs. 6B, C) . The localization of SpSFK1/7 to the pronucleus is reproducible and has been observed by others (R. Byrne, personal communication), although its function there, if any, is not known. Interestingly, patches were often observed in fertilized eggs (very rarely in unfertilized eggs), fixed at 1 or 2 min PSA (Fig. 8C) . At 5 min PSA, no specific localization pattern was discerned at the cortex or point of gamete interaction (data not shown). Unfertilized eggs labeled with the PLCγ antibody had similar localization patterns to the SpSFK1 antibody ( Supplemental Fig. 4 ). Increased cortical localization was observed in the fertilized eggs and especially at the site of gamete interaction (Fig. 7) . Further, the PLCγ antibody also showed localization to the female pronucleus in the fertilized eggs (data not shown). No distinct localization pattern was observed in the eggs fixed at 5 min PSA (data not shown). Similar patterns of PLCγ localization have been reported by Byrne et al. (2007) using the same antibody with different fixation methods in a study looking at nuclear envelope (NE) formation at the male pronucleus immediately following fertilization in sea urchin. In this work, the authors suggest that the PLCγ is enriched on vesicles of 0.49 ± 0.05 μm diameter in the egg cortex and that there is enrichment at the pronuclei in the first few minutes after fertilization. It is possible that the somewhat punctate labeling we observed could be due to a vesicular localization.
Eggs co-labeled with the SpSFK1 and the PLCγ antibody (Fig. 8 ) showed similar patterns to those observed with each antibody alone (Figs. 6 and 7) . In fertilized eggs, there was enriched localization to the site of gamete interaction and to the cortex revealed by both antibodies, and co-localization was extensive (Fig. 8) . Finally, colocalization was observed in patches on many of the fertilized eggs (Fig. 8B) ; these patches often were observed on single label eggs as well. These patches appear to be specific and preliminary data (not shown) indicate that they increase in number with increasing sperm concentration.
Discussion
The S. purpuratus SFKs It has been proposed that a single SFK gene underwent a duplication event in a metazoan ancestor of chordates. In this model, the original SFK gene was lost and the duplication set up the Frk gene family, and the ancestor to the echinoderm SFK gene families (D'Aniello et al., 2008) . After the divergence of vertebrates and echinoderms (∼ 900 MYA), the ancestral echinoderm SFK gene underwent expansion in both echinoderms and vertebrates (Blair and Hedges 2005; Leveugle et al., 2004; Sea Urchin Genome Sequencing Consortium, 2006 ). This then gave rise to the gene families in echinoderms (Echinoderm 1 and Echinoderm 2) and the SrcA (Src, Yes, Fyn, Fgr) and SrcB (Lck, Lyn, Hck, Blk) gene families in vertebrates (Supplemental Fig. 1 ; Bradham et al., 2006) . In support of this, analysis of the ascidian (Ciona intestinalis, which diverged from vertebrates ∼ 800 MYA) SFKs reveals that they are more reflective of vertebrate, rather then echinoderm SFKs (Supplemental Fig. 2 ). The C. intestinalis SFK genes reflect an intermediate evolutionary stage of the ancestral echinoderm SFK gene towards the SrcA and SrcB gene families The observation that the intra-species range in SFK identity is more constrained than the inter-species range supports the presence S-methionine. The control was luciferase (LUC; at 65 kDa). Aliquots of labeled, recombinant protein were lysed directly in sample buffer (inputs) or diluted in 0.5 mL HNET buffer and subjected to affinity interactions with GST-AmPLCγSH2SH2 protein on glutathione agarose beads as described in Materials and methods. After extensive washing, the bound proteins were eluted off the beads in sample buffer and electrophoresed on 10% polyacrylamide SDS gels. Dried gels were placed on a phosphor imager screen for 2 days. Images were captured using QuantityOne software (BioRad) and the figure was prepared in Adobe Photoshop using auto contrast. The images shown are representative of 3 experiments. Not shown are the results using SpFRK and SpSFK5, which were negative for binding in all 3 experiments. (B) Endogenous egg SpSFK1 associates with the AmPLCγSH2SH2 GST fusion protein in a fertilization responsive manner. Total lysates (inputs, 25 μg) from unfertilized (UF) and fertilized (F; 2 min post sperm addition) eggs or proteins bound to SHP2-SH2SH2 GST (control) or AmPLCγSH2SH2 GST fusion proteins were separated by electrophoresis, transferred to nitrocellulose and probed with anti-SpSFK1. The mock (M) control interaction was AmPLCγSH2SH2 GST fusion protein incubated with buffer. Although the SpSFK protein is clearly present in unfertilized and fertilized eggs, the SpSFK protein interacted specifically with the PLCγSH2SH2 domain protein in a fertilization-dependent manner. The experiment was repeated 4 times using 2 batches of fusion protein and 4 different egg lysates and the same result was observed each time. The control (neg), deliberately overloaded in the inputs and in the immunoprecipitations, was luciferase (at 65 kDa). Aliquots of labeled recombinant protein were lysed directly in sample buffer (inputs) or diluted in IP buffer and subjected to immunoprecipitation using anti-SpSFK1 affinity purified IgY (Giusti et al. 2003) or Santa Cruz panSrcA IgG (SC-18) followed by anti-chicken IgY-agarose (for SpSFK1 IPs) or Protein G-agarose (for panSrcA IPs). After extensive washing, the samples were eluted off the beads in sample buffer. Proteins were electrophoresed on 10% polyacrylamide SDS gels. Dried gels were placed on a phospho imager screen and images were captured using QuantityOne software (BioRad) and the figure was prepared in Adobe Photoshop using auto contrast.
of an ancestral echinoderm SFK that evolved independently in each species (D'Aniello et al., 2008) .
Ca
2+ release involves multiple SFKs -interpreting the SH2 domain-based
dominant-interfering experiments
The identification of multiple SFKs in the sea urchin egg coupled with the general model that signal transduction involving these nonreceptor tyrosine kinases relies on sequential kinase activity (Bray, 1990; Hardie, 1990) required that each SFK be tested for its role in modulating Ca 2+ release at fertilization. Necessity tests in echinoderm eggs must target the maternal protein directly -while morpholino anti-sense based knockdowns work well in sea urchin embryos (Angerer et al., 2000; Howard et al., 2001; Coffman et al., 2004) , stable, maternal sea urchin egg proteins are refractory to this and other RNAtargeted approaches, at least to date. Thus, to target and inhibit each SFK protein, dominant-interfering SH2 domains were designed and microinjected into eggs prior to fertilization. The strategy of injecting controlled doses of GST-SH2 domain fusion proteins as specific, interfering competitors has been used successfully in a number of cell types, including echinoderm eggs (Carroll et al., 1997 (Carroll et al., , 1999 Shen and Kinsey, 1999; Shearer et al., 1999; Kinsey and Shen, 2000; Giusti et al., 1999b Giusti et al., , 2000 Giusti et al., , 2003 O'Neill et al., 2004; Runft et al., 2004) . Based on work in somatic cells (Roche et al., 1995a,b) and an elegant study conducted in zebrafish eggs (Kinsey et al., 2003) , the basis of inhibition is a competition of the injected SH2 domain with that of the endogenous SFK's SH2 domain for an upstream activator(s), although the amounts of interfering protein injected are likely in large excess of endogenous levels. Giusti et al. (2003) showed that injection of SpSFK1 SH2 domains into sea urchin eggs delayed or inhibited Ca 2+ release in a dose specific manner. We confirmed that SpSFK1 SH2 domains inhibited or delayed Ca 2+ release, although the effect is smaller than that reported by Giusti et al. (2003) . This is likely due to the use in the current study of a more concentrated sperm suspension that is acrosome reacted prior to application to the eggs (see Materials and methods) -under dilute sperm conditions, delay times were much more pronounced (data not shown). In side by side comparisons with the new SpSFKs, we observed that injection of SpSFK1, SpFrk and SpSFK3 SH2 domains, but not SpSFK5 or SpAbl SH2 domains, inhibited the initiation of Ca 2+ release at fertilization in a dose dependent manner, demonstrating their necessity (the SpSFK7 SH2 experiments are considered separately, below). Are the differences between the sea urchin SFK SH2 domains enough to account for differences in their role in releasing Ca 2+ at fertilization? Previous studies in other (somatic cell) systems have shown that using SH2 domains in dominant-interfering experiments does specifically inhibit the signaling pathway in which it is known to be involved (Gupta and Mayer, 1998; Koch et al., 1989 Koch et al., , 1991 Tanaka et al., 1995) . The "FLVRES" motif of the SH2 protein domain is regarded as critical for target phosphotyrosine binding, especially the arginine (Bradshaw and Waksman, 2002; Kuriyan and Cowburn, 1997; Liu et al., 2006; Machida and Mayer, 2005) . Other studies have shown that single residue changes in the SH2 domain (Fig. 1, bold residues) can alter the substrate specificity (Kimber et al., 2000; Marengere et al., 1994; Hu and Hubbard, 2006) as can post translational modification (Meisenhelder and Hunter, 1992; Park and Rhee, 1992) and neighboring domain differences (Frese et al., 2006; Houtman et al., 2004; Sheinerman et al., 2003) . Collectively, the data suggest that even highly similar SH2 domains bind to distinct target proteins in cellular contexts and therefore serve as at least relatively specific dominantinterfering agents. Fig. 6 . Immunolocalization of SpSFK1/7 and F-actin in fertilized urchin eggs. Eggs were fertilized and fixed 2 min post sperm addition. They were permeabilized and blocked as described in Materials and methods, then were stained with anti-SpSFK1 affinity purified IgY (Giusti et al., 2003) , Alexa Fluor 488 phalloidin (A12379; F-actin) and Hoechst stain (33258; DNA). To detect the anti-SpSFK1 antibody, goat anti-chicken secondary conjugated to Alexa Fluor 555 was used. All images were captured on an Olympus Flowview 500 inverted confocal microscope. Scale bars and pseudo-color were added using ImageJ. Each egg series was compiled in Adobe Photoshop and the scale bar represents 20 μm. (Fig. S4 ).
The SpSFK SH2 domain proteins not only exhibit differing dominant-interfering effects (Table 1) , they also bind to distinct subsets of phosphotyrosine proteins in eggs (Supplemental Fig. 3 , Supplemental Table 1 ). The only two SpSFK SH2 domains that share significant identity are those of SpSFK1 and SpSFK7, at 71% identity. As noted above, these two domains could have different substrates and specificities despite this high identity (Hu and Hubbard, 2006) , and consistent with this, they exhibit different phenotypes when injected in the dominant-interfering assay (Fig. 3 and Table 1 ). Identifying the SH2 domain interacting proteins would shed more light on the specificity of the SH2 domains and perhaps on mechanistic aspects of their function. The implications of the SH2 domain similarity and role in Ca 2+ release at fertilization are considered in more detail below.
While the functional and binding data indicate that the urchin SFK SH2 domains specifically target the cognate endogenous SFK, other possibilities remain, such as cross-inhibition. It has been noted that SH2 domains have a somewhat modest ∼ 30 to 150 fold greater affinity to their specific phosphopeptide over a nonspecific phosphopeptide (Bradshaw and Waksman, 1999; Ladbury and Arold, 2000; Machida and Mayer, 2005) . Also, vertebrate SrcA family (but not Abl or SrcB family; Frk has not been tested) SH2 domains, when injected into echinoderm eggs, have an effect on Ca 2+ release at fertilization (Abassi et al., 2000; Giusti et al., 1999b; Jaffe et al., 2001; Kinsey and Shen, 2000) . Therefore, it is possible that observed effects could be due cross-inhibition of endogenous SFKs. However, the observation that there is dose dependency, and that point mutations in the SH2 domain that are known to disrupt structure abrogate the inhibitory effect (Giusti et al., 1999b (Giusti et al., , 2003 O'Neill et al., 2004) supports at least some degree of specificity. Nonetheless, this issue will remain unresolved until specific knockdowns or knockouts of individual SFKs are achieved.
A complex of signaling proteins?
In echinoderm eggs, SFKs likely function in a sequential fashion to amplify the signal and increase the specificity of the signal transduction, resulting in intracellular Ca 2+ release. It was previously shown that the signal transduction pathway for initial Ca 2+ release in sea star eggs required activation of AmSFK3 and AmSFK1 . The involvement of multiple SFKs in a signal transduction pathway is not without precedent -lymphocyte (T-and B-cell) activation serves as an example (Huang and Wang, 2004; Quintana et al., 2005; Randriamampita and Trautmann, 2004; Saijo et al., 2003; Gauld and Cambier, 2004; Kim et al., 2004; Kurosaki, 1999 ). An outstanding question concerns which, if any, SFK(s) interacts with PLCγ. In both sea urchin and sea star eggs, a 58 kDa protein recognized by a commercial anti-SrcA antibody binds PLCγ tandem SH2 domains in a fertilization-dependent manner (Guisti et al., 1999a; Runft et al., 2004) . The same results were observed in this study using the SpSFK1 antibody. However, now that multiple SpSFKs are known, we find that the commercial antibody recognizes SpSFK1, SpSFK5 and SpSFK7, while anti-SpSFK1 recognizes both SpSFK1 and SpSFK7 (Fig.  5) . Thus, any data obtained using the SpSFK1 antibody must take this cross reactivity into consideration. Recombinant SpSFK1 (but not the other 4 SpSFK proteins) is capable of directly interacting with PLCγSH2 domains in in vitro assays (Fig. 4A) , and an endogenous recognized by anti-SpSFK1 interacts with PLCγSH2 domains in a fertilization-dependent manner (Fig. 4B) . Because SpSFK7 failed to interact directly with PLCγ in the in vitro assay and because the dominant-interference results suggest that SpSFK1 has an activating effect on PLCγ, it is likely that the antibody is detecting SpSFK1 in these pull down experiments (Fig. 4B) . These experiments do not rule out that SpSFK7 or any of the other SpSFKs may interact in a complex with PLCγ, but they strongly favor a model whereby SpSFK1 is interacting directly with PLCγ.
Evidence for co-localization of these proteins at the cortex and the site of sperm-egg interaction is consistent with fertilization-dependent biochemical fractionation in eggs and zygotes (Belton et al., 2001; Roux et al., 2006) as well as early embryos (Ng et al., 2005) . The observed localization of a SFK to the site of gamete interaction is consistent with a recent study of zebrafish proteintyrosine kinase(s) necessary for Ca 2+ release at fertilization (Sharma and Kinsey, 2008) . The involvement of membrane rafts (biochemical fractionation) in spatial coordination of tyrosine kinase signal transduction pathways that involve both SFKs and PLCs has been reported in Xenopus fertilization (Sato et al., 2006) and other contexts such as cytokinesis and lymphocyte activation Harder and Simons, 1999; Ng et al., 2005) . The localization seen at the site of gamete (cell-cell) interaction one and 2 min after the initial event of Ca 2+ release at fertilization is temporally consistent with activation of other known signaling complexes (Bunnell et al., 2002; Delon et al., 2001) . Time is needed to form the minimal complex necessary to reach threshold signaling, but peak complex formation occurs well after the initial signaling event (Negulescu et al., 1996; Perez et al., 2008) . Further work is needed to rigorously test the model that a signaling complex is "built" at the site of sperm-egg interaction.
In particular, because the cortical granules are exocytosed and the yolk platelets are excluded from the site by the polymerizing actin (Hamaguchi and Mabuchi, 1988) , an enhanced labeling of cortical proteins such as PLCγ and SFK1/7 may be observed, yet not reflect an actual enrichment or recruitment.
Differences in SFK signaling at fertilization in sea urchin vs. sea star
For the most part, the current signal transduction model at fertilization is similar between sea urchin and sea star with one obvious difference, the role of Frk. The involvement of sea urchin SpFrk in Ca 2+ release is in contrast to the sea star data, where AmFrk (previously designated AmSFK2) SH2 domains had no detectable effect on Ca 2+ release , while injection of SpFrk SH2 domains inhibit intracellular Ca 2+ release at fertilization in sea urchin eggs ( Fig. 3D and Table 1 ). Sea urchin SpFrk has a similar SH2 domain to its sea star ortholog (Fig. 1) ; the only major difference between the two Frk SH2 domains is the presence of the conserved valine (V237) in the βC region of urchin. Although we have not tested the effects of injecting the SpFrk SH2 domain into sea star eggs, preliminary data indicate the AmFrk SH2 domains have no effect on sea urchin egg Ca 2+ release (n = 4; O'Neill and Foltz, unpublished observations), so the slight differences between the two proteins may account for the functional differences. Given that ∼ 581 MY separates S. purpuratus from A. miniata, it is conceivable that the signal transduction pathway to Ca 2+ release at fertilization could be due to evolutionary divergence (Blair and Hedges, 2005) .
The role of SpSFK7 at fertilization
The results of the dominant-interfering experiments using the SH2 domain of SpSFK7 are difficult to interpret, but intriguing. SpSFK7 SH2 domains, when injected into unfertilized eggs at 25 μM Fc, can trigger a precocious Ca 2+ release within 10 min. Further, even when Ca 2+ release does not occur (as evidenced by no FE rise) and sperm are then added, the Ca 2+ release is blocked (4/15) or delayed (11/15). The Fig. 8 . Colocalization of SFK1/7 and PLCγ in sea urchin eggs revealed by double labeling. Eggs were fertilized and fixed 2 min post sperm addition, then permeabilized and blocked as described in Materials and methods. The eggs were then sequentially stained with anti-SpSFK1 affinity purified IgY (Giusti et al., 2003) (then a secondary), followed by anti-PLCγ affinity purified IgY (Giusti et al., 2003) (then another secondary) and finally Hoechst stain (33258). To detect the anti-SpSFK1 antibody and anti-PLCγ antibody, goat anti-chicken conjugated to Alexa Fluor 488 and 555, respectively, were used. Images were captured on an Olympus Flowview 500 inverted confocal microscope. Scale bars and pseudo-color were added using ImageJ. Each egg series was compiled in Adobe Photoshop and scale bars represent 20 μm. For each egg (A, B), three channels are shown illuminating the localization of DNA, SpSFK1/7 and PLCγ for the same 1 μm confocal slice. The fourth image is a merge of those channels. (A) Fertilized egg with cortical localization of SpSFK1/7 and PLCγ. (B) Top view of a fertilized egg with localization to the fertilization cone of SpSFK1/7 and PLCγ. This egg also reveals the cortical "patches" that are sometimes observed (see text). The same results were observed when eggs were first labeled with anti-PLCγ followed by anti-SpSFK1 or when conjugated secondaries were switched.
delayed eggs also exhibit multiple Ca 2+ fluctuations (7/11). Collectively, these data ( release is delayed or blocked completely. In this desensitization model, this inhibition is not because of an additional inhibitory effect on SpSFK7, but due to the fact that the egg had already "seen" Ca 2+ and
is not able to release it from ER stores in the proper temporal spatial manner. This would also explain the observations that there often are multiple, lower amplitude waves and even when a single wave is observed, the amplitude is dampened (see below). This Ca 2+ signaling desensitization has been observed in other cell types (cf Yu and Hinkle, 1998) . For example, in lymphocytes, disruption of normal Fyn function causes abnormal Ca 2+ fluxes and augments anergy (immunologic self tolerance or unresponsiveness normally seen after activation) (Gajewski et al., 1995; Boussiotis et al., 1996; Davidson et al., 2007 ). An alternative model is one in which the precocious (no sperm) Ca 2+ release is unrelated to the inhibition of the sperm-induced Ca 2+ release. In this "uncoupled model", the eggs may release Ca 2+ in response to the SH2 domain injection, but the Ca 2+ levels either are not perturbed to any substantial degree or have been "reset" prior to sperm addition. Now, the SpSFK7 SH2 domain abrogates initiation of sperm-induced Ca 2+ release by either inhibiting SpSFK7 or some other SpSFK, such as the closely related SpSFK1. One perhaps notable difference compared to the inhibition seen with the other SH2 domains is that at a lower concentration (2.5 μM Fc), the SpSFK7 SH2 protein has no effect on either delay or amplitude of Ca 2+ release. In both sea urchin (Table 1) levels had to reach at least 0.3 μM inside the egg (Haggerty and Jackson, 1983; Hamaguchi and Hiramoto, 1981) . This is rarely observed with injection of other proteins or dyes and so it would appear to be specific to injection of the SpSFK7 SH2 domain. The affinity interaction results (Figs. 4, 5, Table 2 ) indicate that this SH2 domain binds a distinct repertoire of pY proteins that changes after fertilization (see above). SpSFK7 might be responsible for keeping the repressor of SFKs, CSK, in the vicinity of the signaling components (SpSFK1, SpFrk and SpSFK3) where it could repress signaling leading to Ca 2+ release (Chow et al., 1993; Lovatt et al., 2006; Maksumova et al., 2005; Solheim et al., 2008) . CSK inhibits SFKs by phosphorylating their Cterminal tail, which then binds intramolecularly to the SH2 domain, forming an inactive conformation (Okada et al., 1991; Roskoski, 2005) . In sea urchin eggs, CSK co-fractionates with SpSFK1 in unfertilized eggs, but is significantly depleted from the SFK1 fraction in fertilized eggs . In the presence of excess SpSFK7 SH2 domain proteins, CSK potentially would leave the egg activation signaling complex, thus allowing precocious release of Ca 2+ in the absence of sperm. An alternative possibility is that the SFK7SH2 domain injections could activate an activator of the Ca 2+ release pathway.
For example, SFK7 could bind (directly or indirectly) a phosphatase that is responsible for activating SFKs at egg activation, similar to what is thought to occur in zebrafish eggs (Wu and Kinsey, 2002 3G ) and also elevated an FE. Because we can observe the FE only after recording fluorescence of the indicator dye, it is possible that the FE was late to rise and polyspermy was the cause of the Ca 2+ fluctuations as in other cases, but with a unique wave form. However, it is also possible that the continued presence of the SpSFK7SH2 domain mediates continued Ca 2+ release. Going back to the proposed models above, it could be accounted for by the continued activation of an activator (such as a phosphatase) or the deactivation of a repressor (removal of CSK). The complexity of the fertilization pathway in sea urchin is fitting to the importance of this one time signaling event. The potential involvement of multiple SFKs in the regulation and release of Ca 2+ helps ensure a rapid and robust response that is initiated by a single gamete interaction and nothing else. The localization to the cortex and site of gamete interaction by proteins known to be necessary for the Ca 2+ release at fertilization implicates the involvement of a protein complex. Current data indicate that more proteins -some of which will likely be identified as SH2 domain interacting proteins -are involved in the spatial and temporal regulation of the signal transduction to Ca 2+ release at fertilization.
